General issues with the implementation
of theory models in generators
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I. Nucleon complexity
I1. Nuclear complexity
[1I. Final state interaction

Underlying message:
More exclusive signals = higher dimensional problems
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5 Four vectors = 5x4 = 20 variables

v(ky) [(ky) - 4 : on mass shell relations
- 4 : initial nucleon known (at rest)
- 4 : Energy-momentum conservation
- 3 : Freedom to choose reference frame
And invariance along q
W( kZ) (known direction of one four vector)

_ - 7(q) . .
v =5 independent variables

E ,cos0,E ,Q* or E Q4W,Q *

N(p1) N(p>)
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v(ky) [(k>)
W (k?) ‘ #”, (q)
N(p1) N(p2)
do F2 K

dQ2AWdSy: — (20)* I
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o oc LM (ky, ko) x Hyw(k, q, po)

Leptonic part ( PW approximation ) = known

Hadronic part = modelling effort

Exploit these facts:
-Lepton tensor is known
-Hadronic part is invariant under
rotation along q and is the product of
Hadronic current with its conjugate

- Separate the ¢* dependence

- X[A + Bcos(¢")Ccos(20") + Dsin (¢*) + E sin (2¢")]
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Example for the A structure function:

A= LOOHOO + 2L30H§0 + L33H33 +

Lll _|_L22 . .
5 (Hll -+ HQQ) + 22L12H12

Here the Hadron tensor depends on 3 variables:
W, Q*, cosb "and ¢_=0

And in total one needs 15 elements of the hadron tensor

For inclusive:
Only A survives integration over pion angles:

Lll + L22
2

L x LOOWCC + 2L30WOL -+ LBSWLL +

(WT) —+ ’l:LlQWT:

And responses depend on Q? and W

dO’ 2 k*
AQ AW d; (zf 7 XA+ Beos(97) Ceos (267) + Disin (¢7) + Esin (297))
s v I
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Many approaches in the literature:
-MAIDO07 -DCC ( e.g. Sato and Lee) -Effective Lagrangian approaches,ChpT, ...

Ingredients:
-Nucleon resonances
-Background terms : Born term, Vector meson exchanges
-cross channel resonances
-Final state interactions

- Many parameters fitted to > 20000 datapoints:
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Table 5. Masses and coupling constants for vector mesons,

PDG GWO06G 2003 2007
P5-PV mixing parameter A,,, and parameter A for the low- Pu(1232)  Ays | 13546 —139.1+36 —140 —140
energy correction of eq. (16). Ay | —250+£8 —257.6+£4.6 —265 —265
E2/M1 (%) —2.5£0.5 22 _2.2
v [:\IEV] Av §1r1 ﬁ'vg fﬁ'p’l Pi1(1440) Aye | =654 50619 77 —il
, D3(1520) Ay | —244£9  —28.0%+1.9 —30 —27
Many approaches “ 83 0314 16.3 —094 ) A;;;g 166+5 1431420 166 161
-MAIDO07 -D( P 770 0.103 1.8 12.7 S1(1535)  Aye | 90430 91.0+22 73 66
Am = 423MeV |A =19 % 107*/m! | B=0.71fm S21(1620)  Aye | 27£11 496£22 71 66

S1(1650)  Aye | 53+16  222+72 32 33
Di5(1675) Ay2 | 19+8  180£23 23 15

ITnoredientsr  Table 6. Resonance masses Mp, widths I'r, single-pion Aga | 15+9  21.2+14 24 22
Table 12. The proton param  branching ratios (3., and angles ¢r as well as the parameters Fi5(1680)  Ayz | —15£6  -17.3x14 -25 -5
and j as defined by eq. (47). 1 X' ng, and nys of the vertex function eq. (21). Asja | 133 1? bso=lo 1 1A
gltudmal amplltude at Q = D (1700) Arje | 104 £15 1254 = 3.0 135 226
values for the transverse amj N* Mg I'y 3. &g Xg Proton |Neutron Agjp | 85422  105.0+32 213 210
by the real photon physics an [MeV] [MeV] [deg] [MeV] [ng nar [ng nar Pa(1720)  Ayge | 18230 06.6 £ 3.4 55 73

Aus Pas(1232) 1232 130 10 0.0 370 -1 2 |-1 2 As/ | -19+20 -39.0£32 -32 -1l
Proten P Py (1440) | 1440 350 070 —15 470 |- 0 |- -1 Fis(1905)  Aijz | 26£11  213£36 14 18
E Di4(1520) | 1530 130 060 32 500 |3 4 |7 2 Asja | —454£20 —45.6+4.7 —22 -28
Dy3(1520) | 7.77 1.09 | 0 F37(1950 A 76+ 12 T
S11(1535) | 1335 100 040 &2 500 |2 - |2 - 37(1950)  Ayyz | =76 -
S11(1535) | 1.61 0.70 o o ’ : ) Agn | —07+10 ~101 —121
931 1620) | 1620 150 025 23 0 (5 - |5 - B

S31(1620) | 1.86 2.50

(
(
(1
(1 (1
( (
16350 16910 100 0.85 7.0 a0 4 — 4 —
S11(1650) | 1.45 0.62 511(1650) | 1690 10 BT 0 I . . . ,
.D]_ (1675) | 1675 150 (.45 210) a0 3 o 3 4 Table 8. Neutron helicity amplitudes at (2° = 0 for the major
D15(1675) | 0.10 2.00 | 0 Fy5(1680) 1680 135 .70 10 00 3 3 9 9 nucleon resonances. GW02 are the results GWU/SAID analy-
Fi5(1680) | 3.958 1.20 | 1 . - . -
Dﬁ((l?nﬂ}} o1 17 | 1 Das(1700) | 1740 450 015 61 700 4 5 4 5 sis [28]. Further notation as in table 7.
P“ 179 1' 1',, | | Ps(720) [1740 250 020 0.0 500 |3 3 |3 3 PDG GWO02 2003 2007
15(1720) | 1.89 1.55 Fus(1905) |1905 350 010 40 500 |4 5 |4 5 Py (1840) Ai. | d0£10  47+5 52 54
P 1(191[1) 1910 250 0.25 35 S00 - 1 - 1 Dy (1520)  Aype | =599 674 -85 -T7
Table 13. The neutron paral ;7 (1950) | 1945 280 0.40 30 500 |6 6 |6 6 Age | —139£11 1123 —148 —154
The values for the transverse S1(1535) Ay | —46+£27 165 —42 51
table 8. Further notation as i Sul(l650) Ay | —15+£21  —-28+4 27 )
Al/z A1/2 SI/Z S?/z D5 (1675) Ay —43 + 12 —50 x4 —6l —62
Neutron a 3 a [ a Agjz | —58+13 -T1£5 -7 -84
D13(1520) | —0.53 155 | 0.58 1.75 | 15.7 1.57 | 136 Fi5(1680) j“z Qiji“; 25”;;9 2; Q:S
=4 =4 o RR =4 3/2 - - e -
S11(1535) | 4.75 1[2!3 0.3:3 1..)'.-)r 28.5 Pa(1720) Ayl TRT T o
S11(1650) 0.13 1.55 — —0.50 1.55 | 10.1 Ay | —20+61 _73 3

Fi5(1680) 0.00 1.20 | 4.09 1.75 | 0.00 0.00 | 0.00

(1
(
Dy5(1675) | 0.01 2.00 | 0.01 2.00 | 0.00 0.00 | 0.00
(
Pi3(1720) | 127 1.55 | 4.99 1.55 | 0.00 0.00 | 0.00
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Many approaches in the hterature |
-MAID07 -DCC ( e.g. Sato and Lee) Effectlve Lagranglan approaches

Ingredients: %*'? . Resonance masses My, widths Iz, single-

..-Nucleon resonances . .,
BacKground terms ; Born term, Vector meson exchanges

-Final'state interactions
\ . 234y, 4 1234 '

[ A | 1 P Lo 00 o7
- ~Many parameters fitted to > 20000 datapoints:

- For neutrinos no such dataset is available
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do, F? ok

WO 2r ) R x[A + Bcos (¢*) + C cos (2¢*) + D sin (¢*) + E sin (2¢*)]

Write lepton tensor for polarized electron explicitly

do.
a7

+eo+/26(1 4 €)oprcos (¢*)+eaTT cos (20%)+hr/2¢ (1 — €)o v sin ¢
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do.
d)*

o+ eay (ub) or +eop (ub)

or + €0, (ub)

OT+€T,

10

o F

o oo

[ =T

=1 O
T

W = 1110 MeV

T LEM ——
QF =P8 GeV2 o ApAIDNT ——
I _—T 14
= I 1
f i
-1 -1 1] 1] 1
cosf
» T T
0 =4 GeV?
»
4L
o

.
—1 0.5 0 0.5
cosf
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W =1230 MeV

—0.5 0 0.5 1
cos ff

0* = 0.4 GeV?

cosf

0 = 0.5 GeV?

—0.5 0 0.5 1
cos ff

25

W = 1310 MeV

Q% = 0.3 GeV?*

s L L
-1 =05 i} 0.5 1

cos #

P =04 GeV?

:
1 0.5 0 0.5 1
cos #f

\/26(1 + €)opp cos (¢ )+eaTT cos (2¢°)+hr/2¢ (1 — €)o v sin ¢*

LEM from R. Gonzalez-Jimenez et al.
Phys. Rev. D 95, 113007 (2017)
Based on HNV model

Data from E89-038 CLAS
experiment, 1999, V. Burket, R.
Minehart

MAIDO7 :

Drechsel, D., Kamalov, S.S. &
Tiator, L. Eur. Phys. J. A (2007)
34: 69

10
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do.
d)*

2¢(l +e€)opr (pbn)

OT+€07,+

5
-6
—15
_& b 5
10 . . . _m . . . 10 . . .
-1 —05 0 05 1 —0.5 0 05 -0, i 05 1
cos cos cosf?
LER LEM LEM
OF = 0466V MAIDOT — MAIDOT —— MAIT ——
o N 15
\
b
= 10 -8
-1 ~15 10
-1 —05 0 05 1 —0.5 0 05 0. i 05 1
i iy <)
cos cos b} cos 6}
3 3 1
LEM LEM LEn
sl P =0CeV MAIDOT —— | " MAINT —— , MAINT ——
2l |
15
15| 1
_— Ny 0
Lr T 1
asl ' 5

\/2¢(1 + €)orr
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| "= oacev MATDRT MaTDY — . MalDg —
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0
0"
cos ]
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0 05 1
L0
cos ]
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cos (¢*)+eaTT cos (2¢*)+hy/2¢ (1 — €)o g sin ¢*

LEM from R. Gonzalez-Jimenez et al.
Phys. Rev. D 95, 113007 (2017)
Based on HNV model

Data from E89-038 CLAS
experiment, 1999, V. Burket, R.
Minehart

MAIDO7 :

Drechsel, D., Kamalov, S.S. &
Tiator, L. Eur. Phys. J. A (2007)
34: 69
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do.

— op+ear++/2¢(1 + €)oppcos (¢ ) HeaTT|cos (20 )+hr/2e (1 — €)o v sin ¢*

dS)*
) W = 1.'1 Ge\{ 1 W = 1'.23 Gey W = 1'.31 Gey
S| epeey i — o — || i — LEM from R. Gonzalez-Jimenez et al.
5 | Phys. Rev.D 95, 113007 (2017)
! Based on HNV model
s
E_1
5 Data from E89-038 CLAS
: e e, experiment, 1999, V. Burket, R.
T o emme W= o — B — Minehart
5 MAIDO7 :
S Drechsel, D., Kamalov, S.S. &
SE- Tiator, L. Eur. Phys. J. A (2007)
] 34: 69
H
%-
=
g_
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NV y,p— e pr' HNV = enr® ANV ,n + ¢ pr” ’

1% I —
90 0‘2 ! 1400
# K 0 0‘16 0 1200
0.12 . 100
=90 0.08 o
*180 0‘04 G000
-0 00 T =15 0 05 1 -1 05 0 05 1 ' “
DCCyp—epr DCCyn—ent” DCC y,n— e pr! ’
180 0.16 ’
0‘14 0‘24 I
W 012 12
+k 0 8(1)8 .16 !
-0 0:06 0.2 B
001 18
-180 ‘ 0.02 0.04
-0 00 1T -1 -5 0 05 1 -1 05 0 05 1 3 3 :
08 61 08 6:‘ 08 6:‘ 1 0.5 0 0.5 1 1 05 0 0.5 1 1 05 0 0.5 1

HNV, DCC and LEM vary in structure functions, still more or less agree on angular cross
section. (Around Delta peak)

Could this influence neutrino oscillation analysis ?
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In (most) event generators:

Isotropic distribution in CMS.
— Computationally easy

What is the difficulty ?
» Time to compute cross section
— Actually rather fast

The problem is efficiency in
Sampling the phase space

15
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Sample inclusive cross section in the traditional way:

do _F k:
dQ2dW (27r)4 k:2

Lll L22

x | LWeoo + 2L Wep + LB3W, +

yaa=

Tabulate or Calculate in situ inclusive structure functions for the interaction

|

Functions only of Q2 and W, very fast interpolation in 2D.

This gives an event with Q2 and W

NuSTEC workshop, Pittsburgh USA A. Nikolakopoulos

16



given a Q2 and W, distribution of cosf"is determined by A

dO’ 2 ]{3*
AQ AW dSy; (; iy XA+ Beos(67) Ccos (26°) + Dsin (¢°) + Esin (267)]
™ v I

A is a smooth function and can usually be
interpolated by a polynomial of degree 2

g g £ 85§ §E

£ EE 8§ G

17
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given a Q2 and W, distribution of cosf"is determined by A

do F? kx

dQ2AWdQ: — (27)* k2

NuSTEC workshop, Pittsburgh USA

— x[A + B cos (¢*) C cos (2¢*) + D sin (¢*) + E'sin (2¢)]

A is a smooth function and can usually be
interpolated by a polynomial of degree 2

18
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given a Q2 and W, distribution of cos6”is determined by A
do F? kx

dQ2AWdQ: — (27)* k2

NuSTEC workshop, Pittsburgh USA

— x[A + B cos (¢*) C cos (2¢*) + D sin (¢*) + E'sin (2¢)]

A is a smooth function and can usually be
interpolated by a polynomial of degree 2

alation of A(cos) for fixed Q2 and W is
very cheap

Interpolation with degree 2 polynomial
means:
Cumulative distribution function

CDF(cos(f)) = /ag cos® 0 + al cos @ + agd cos 0

Is a monotonic degree 3 polynomial
— Can be inverted analytically

— Inversion sampling
19
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given a Q2 and W, distribution of cos6”is determined by A
do F? kx

dQ2AWdQ: — (27)* k2
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— x[A + B cos (¢*) C cos (2¢*) + D sin (¢*) + E'sin (2¢)]

A is a smooth function and can usually be
interpolated by a polynomial of degree 2

alation of A(cos) for fixed Q2 and W is
very cheap

Interpolation with degree 2 polynomial
means:
Cumulative distribution function

CDF(cos(f)) = /ag cos® 0 + al cos @ + agd cos 0

Is a monotonic degree 3 polynomial
— Can be inverted analytically

— Inversion sampling
20
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By calculation of A at 3 points one gets a cosine according to the theoretical distribution
With efficiency 100%

given a Q2 , W, and cos 0" distribution of ¢"is

do F? ki
TV AT = (27r)4 k;; X [A + Bcos (¢") Ccos (20") + Dsin (¢*) + E sin (2¢")]

Again we determine the CDF algebraically.
— The CDF can be inverted numerically to give ¢

NuSTEC workshop, Pittsburgh USA A. Nikolakopoulos
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First results, sampling in the full phase space,
still some issues to be checked and algorithms to be explored

) Q% =0.2 (GeV/c)*, E, =3 GeV Q% = 0.5 (GeVic)?, E, =3 GeV

8l ox10¥ —————— 4.5x10™7 —— —

8x10™ F — model A 4x107 | model -

?){1{]4? - \ incl.f. - 3_5110'4? - incl.f. -

A7 L exclf. 47 L excl f. - 3 *

6x10™47 3x10°%7 FEsin (2¢%)]
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4ax10™ F 2x107% |
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3xmﬁ - - 2x1078 |

a0 | ] weey
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6 Four vectors = 6x4 = 24 variables

- 4 : on mass shell relations

- 4 : initial nucleus known (at rest)

- 4 : Energy-momentum conservation

- 3 : Freedom to choose reference frame
And invariance along q

(known direction of one four vector)

= 9 independent variables

interaction

- 1: Final nucleus left in a hole state
(i.e. integrate over final nucleus energy)
= 8 independent variables

E ,cosB,E,Q Q k_

We go from a 2 = 3 process to a 2 = 4 process

But there are no additional constraints because residual nucleus can be in any state.

So from 5 = 9 variables (one can also interpret the extra 4 variables as four-vector of

initial bound nucleon) 23
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By calculation of A at 3 points one gets a cosine according to the theoretical distribution
With efficiency 100%

given a Q2 , W, and cos 0" distribution of ¢"is

do F? ki
TV AT = (27r)4 k;; X [A + Bcos (¢") Ccos (20") + Dsin (¢*) + E sin (2¢")]

Again we determine the CDF algebraically.
— The CDF can be inverted numerically to give ¢

NuSTEC workshop, Pittsburgh USA A. Nikolakopoulos
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o oc LM (ky, ko) x Hy(k. q, p2)

Hy = JJ,

iInteraction

J‘u’:/ \Iff(’)”llf@-eq'rdr
X

v and ¥, contain the whole initial and

Nuclear modeling = finding a good

flnal State approximation for the wavefunctions

25
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I. Interaction with only one particle of complex system
I1. The incident particle (Q) is unaffected by the system (in BA)

Wip= Y oN®ba

Reduces the problem to finding single particle states in nuclear medium:

Jhy = f YN GO 9T g, dr

NuSTEC workshop, Pittsburgh USA A. Nikolakopoulos
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I. Interaction with only one particle of complex system
I1. The incident particle (Q) is unaffected by the system (in BA)

Wip= Y oN®ba

Reduces the problem to finding single particle states in nuclear medium:

J”_/de/ 3/2

sN pNapN ) (Q K )ID j(p)?
Withp =p_ =q—p’N—k’n (6)

This is a six dimensional integral with a lot of matrix multiplication...
27
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Jﬂ_\/de\/ 3/2

pNﬁpN O?’H‘QKWR\L m"?

Replace these by asymptotic momenta

NuSTEC workshop, Pittsburgh USA A. Nikolakopoulos

(6)
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J“_\/de\/ 3/2

.SNI}NPN Mk JOL(Q, KL, Py (

P’y =Py

(6)

H" oc Tr (¢u(p)y(p)O" (fn + My) OY)

29
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H" oc Tr (¢u(p)y(p)O" (fn + My) OY)

Projection onto positive energy states

\/

H" o< [(p)|*Tr ((p + My) O" (ky + My) O)

Matrix element becomes proportional to initial momentum
distribution

Combination of off-shell plane wave spinor expression

And probability of finding momentum p in nucleus

NuSTEC workshop, Pittsburgh USA A. Nikolakopoulos



H" oc Tr (¢u(p)y(p)O" (fn + My) OY)

Projection onto positive energy states

\/

H" o< [(p)|*Tr ((p + My) O" (ky + My) O)

Matrix element becomes proportional to initial momentum
distribution

Combination of off-shell plane wave spinor expression

And probability of finding momentum p in nucleus
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Plane wave Impulse

Side note:
H

Difference between RPWIA and PWIA was explored in:

Analysis of factorization in (e,e'p) reactions: A
survey of the relativistic plane wave impulse
approximation

J.A. Caballero’?, T.W. Domnelly?*, E. Mova de Guerra® and J.M. Udias®

Mat
dist Nucl.Phys. A632 (1998) 323-362

No big difference for inclusive responses in CC2 operator
ConEess effect for more ‘off-shell’ operators, and for transverse-longitudinal interference

And probability of finding momentum p in nucleus

32
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H" oc Tr (¢u(p)y(p)O" (fn + My) OY)

Projection onto positive energy states

\/

H" o< [(p)|*Tr ((p + My) O" (ky + My) O)

Matrix element becomes proportional to initial momentum
distribution

Combination of off-shell plane wave spinor expression

And probability of finding momentum p in nucleus
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Plane wave Impulse approximation.
H™ o |ihy(p) P Tr ((p + My) O (kx + My) O")

Matrix element becomes proportional to
initial momentum distributions (some examples):

« RFG : plane waves up to k.
« LFG : plane waves up to k_but k_depends on nuclear density —

possible to introduce additional density dependence

e [IPSM : e.g. from mean field (HF/RMF/harmonic oscillator)
— different shells have different momentum distribution and
separation energies

e [PSM + correlations : account for high momentum components

in nuclear momentum distribution
34
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Nuclear Theory and Event Generators for Charge-Changing

Neutrino Reactions

J. W. Van Orden
Department of Physics, Old Dominion University, Norfolk, VA 25529

Jefferson Lab,12000 Jefferson Avenue, Newport News, VA 23606, USA[

T. W. Donnelly
Center for Theoretical Physics, Laboratory for Nuclear Science and Department of Physics,
Massachusetts Institute of Technology, Cambridge, MA 02139, USA
(Dated: August 5, 2019)
. Comparison of these different spectral functions
For exclusive nucleon knockout
(RFG, LDA, RMF, Rome model)

35

NuSTEC workshop, Pittsburgh USA A. Nikolakopoulos



Transition matrix:

[ apiy [ Gt 0) ., (o) (0, )

In general, dependence on
Contrast with RPWIA :

p.=Pytk —-q

Spreading of the energy momentum relation in a potential

Particles have fixed energy and are only on shell asymptotically

- Probing of multiple initial momentum states N
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In general, dependence on g, p, and k_( 7 variables )

Contrast with RPWIA : depends onlyonp_=p, +k - q
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In general, dependence on g, p, and k_( 7 variables )
Contrast with RPWIA : depends onlyonp_=p, +k - q
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Energy dependent
/potentials

Dependence on q

nd k_

Becomes less
important for high
momenta
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Distinction between:

n Elastic
Scattering [ HARD FSI
Secondary interactions
(e.g. Absorption, charge exchange, ...)
Treated in Cascade model

=I+.

[I. SOFT FSI

. Influence of nuclear medium on
. energy-momentum of particle
Not included in Cascade

Absdrption

Pion Production
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[. HARD FSI

Secondary interactions In principle: coupled channels
(e.g. Absorption, charge exchange, ...)

Treated | 1 - i j
reated in Cascade mode In practice : Optical potentials

I1. SOFT FSI Imaginary part removes

Influence of nuclear medium on  inelasticities from the final state
energy-momentum of particle

Not included in Cascade

Inclusive © Exclusive

Don’t look at the final state Look at one channel
All inelastic channels contribute Flux is lost in inelasticities

40

NuSTEC workshop, Pittsburgh 2019 A. Nikolakopoulos



Inclusive © Exclusive

Don’t look at the final state Look at one channel
All inelastic channels contribute Flux is lost in inelasticities

Potentials are energy dependent because
Inelasticity grows as more channels open

RGF (A. Meucci, C. Giusti, et al. ) : recover flux lost in
inelastic channels

RROP: Use real part of optical potential to conserve flux

ED-RMF: Phenomenological reduction of real RMF potential
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Distortion

2 RMF results for (e,e’)
WIRFM R. Gonzalez-Jimenez, A. Nikolakopoulos, N. Jachowicz and J.M.
FRRUM Udias, arXiv:1904.10696
2 g
g Ml Pion production calculation also with full RMF model
S (including nucleon FSI)
© MEC from G. Meglas et al. PRD 91, 073004 (2015)
2 - : — ot o
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do/(dQdw) nb/MeV/sr
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Arxiv:1909.07497

ium
140

120 +
100 |

N &~ o 0
o O o o

o

A. Nikolakopoulos

44



u.rU/ Wa oW /| \_lLJ.J. /J.'I‘i cCVv }

4500

4000

3500

3000

2500

2000

1500

1000

500

| | 30

170 +

160
g = 300 MeV
50 |-
J «0.65 |40

30 F

20 F

{10 +

0

600 MeVY

NuSTEC workshop, Pittsburgh USA

w (MeV)

D.5

0

0 100 200 300 O 100 200 300 400 500

g + 1000 MdV

x0.55

300 450 600 750 900

A. Nikolakopoulos

45



Observation/Assumption:

The effect of the optical potential

accounts almost only for ‘hard’
rescattering events.

So the MC can take care of this

but

the model should take into account
the real part of the potential to give

A good inclusive cross section

(8 E— 0 L

D.5

0 L

0 100 200 300 O 100 200 300 400 500
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w (MeV)

1000 Me

x0.55
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300 450 600 750 900
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.

Take into account long range nuclear
excitations

Every possible combination of excited SP
states in nuclear medium

H(RPA)(Qil,CEQ;w) — H(O)(:cl,wg;w) + %/dm /d:ﬁ’ H(O)(;I;l’g;;w) ‘7(:8,;[:’) H(RPA)(:IC’73

Mean field propagator -
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d°o/(dQdm) [10 Zem /(MeV sr)]
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ve effect of RPA is needed to introduce interactions
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Random Phas

Largest reduction for low w and q
— in QE scattering this corresponds
to low Nucleon momenta
— This is the region where
FSI is most important

Orthogonality

+

Spreading of wavefunction
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3=30"

Start from (basically) free initial and final states

arge effect of RPA is needed to introduce interactions
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do/dQ? (107 cm? /GeV?)
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— 5l :

0.5 1

Q?(GeV?)
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Reduction at low Q?
Compared to RPWIA

Pion potential is still
Missing, one expects
A reduction in the
same kinematic
region
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Does a deficit also show up in other distributions ?

ds/dcostheta 1e-42 cm2
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5000 |-

4500 |-

4000 |

3500 |

3000 |

2500 |

2000 |

1500 |

1000 |

RMF —
Pion angle
E =2032
P3p proton
in carbon

500 [ oams
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1
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Nucleon FSI leads to an
overall reduction in pion
angle

Slightly stronger
forward reduction
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Does a deficit also show up in other distributions ?

dsfdcostheta 1e-42 cm 2
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In lepton angle mostly
Forward lepton
reduction
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conctesions

I. Nucleon complexity

— Angular distributions require higher dimensional
sampling

I1. Nuclear complexity

— Nuclear degrees of freedom require higher
dimensional sampling

[11. Final state interaction

— Consistently describing inclusive and exclusive
signals is complicated

— Nuclear effects depend on kinematics of outgoing
hadrons

— higher dimensional problems
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